An industrial-scale pyrometallurgical method of removing metallic impurities from metallurgical grade silicon (MG-Si) was developed as an element technology in a sequential purification process for manufacturing high-purity silicon for solar grade silicon (SOG-Si) by segregation of metallic impurities during solidification. Metallic impurities were removed from MG-Si using an electron beam heating equipment. Molten silicon was supplied continuously at a constant mass to a water-cooled copper mold and was allowed to solidify gradually in an unidirectional manner from the bottom upward. This process is termed directional solidification. The iron concentration after solidification can be expressed by Pfann's and Burton's equations, and was reduced from an initial 1500 mass ppm to below 10 mass ppm. Aluminum removal was excessive, presumably due to vaporization to the gas phase. Above a certain height in the ingot, it became impossible to remove metallic impurities by partition during directional solidification. This phenomenon showed a correlation with the concentration of enriched iron in the silicon pool. The mechanism of metallic impurity removal was estimated based on visual examination of the solidified structure and EPMA. The iron concentration profile of ingots and critical purification height were estimated experimentally using a 20 kg scale device and verified as being applicable on an industrial scale in experiments with 150 kg scale equipment. Solar grade silicon was test-produced by this process and showed satisfactory quality for solar cell use.
Introduction
Solar cells are mainly made of multi-crystalline and single crystalline silicon because these materials are stable in quality and provide high efficiency in conversion from solar to electric energy. Off-spec scrap silicon from the semiconductor industry is used as solar grade silicon (SOG-Si). However, because it is difficult to secure a steady supply of this material, a low-cost mass production process for SOG-Si has been desired.
The authors developed a metallurgical process which makes it possible to produce high-purity SOG-Si from commercially available metallurgical grade silicon (MGSi). 1, 2) A number of impurities such as phosphorus, boron, iron, aluminum, titanium, carbon, and oxygen must be removed from MG-Si in order to satisfy the requirements of SOG-Si. Among these, because metals are harmful as minority carrier recombinant elements, the targeted content is below 0.1 mass ppm in melting material for SOG-Si and below 10 À5 -10 À2 mass ppm in SOG-Si wafers. 1) Directional solidification is an effective means of removing metallic elements from molten silicon because the equilibrium partition coefficients of metals between the solid and liquid phases are small. 1) Takao et al. 3) purified silicon by directional solidification using a rotating bar charged in molten silicon, and Ikeda and Maeda 4) produced directionally-solidified silicon ingots by the electron beam (EB) melting method. One of the authors 5) found that the content of metallic impurities in purified silicon ingots can be expressed by Scheil's equation, 6) which indicates that these impurities increase discontinuously, without being purified during directional solidification, as the initial impurity content increases. However, these results do not necessarily give a quantitative understanding of directional solidification, including behavior in industrial scale processes. Therefore, the authors investigated directional solidification as a technique for purifying molten silicon with laboratory scale and industrial scale EB equipment in order to clarify the purification mechanism and identify methods of enhancing purification. Figure 1 shows a schematic view of the experimental apparatus. Metallic impurities such as iron, aluminum, and titanium are removed from molten silicon in the EB melting furnace after dephosphorization. 7) The EB melting furnace consists of a vacuum chamber, EB gun, vacuum pump system, raw material feed system, hearth for phosphorous evaporation, and water-cooled copper mold for directional solidification. The mold can turn in both the normal and reverse directions with respect to the central axis. The impurity contents of the MG-Si used in these experiments were Fe/1000-1500, Al/600-800, Ti/150-200, B/5-10, P/ 25-30, and C/150-250 mass ppm. Table 1 shows experimental conditions such as the silicon feed rate, EB power, chamber pressure, and mold size in the laboratory scale and industrial scale experiments. Silicon melted by the EB flows from the silicon melting and dephosphorization hearth 7) to the water-cooled copper mold used for directional solidification through an overflow gate. The EB is irradiated on the surface of the molten silicon in the water-cooled copper mold as well as in the de-P hearth. Directional solidification proceeds upward from the bottom of the mold. The silicon feed and EB irradiation were stopped when the mass of the silicon in the mold reached approximately 20 kg in the laboratory scale experiments and 150 kg in the industrial scale experiments. The height of the solidification interface and depth of the molten silicon pool were measured using a graphite rod inserted into the mold. The contents of metallic impurities were analyzed by the ICP (Inductively Coupled Plasma) atomic emission spectrometry method. The effect of mold rotation around the central axis on silicon purification during directional solidification was also studied. The speed of mold rotation was changed to 0, 5, and 30 min À1 . The timing of changes in the rotation direction was 20-30 s.
Experimental Procedure

Results and Discussions
3.1 Purification behavior and solidification structure of silicon 3.1.1 Purification behavior during directional solidification Figure 2 shows the time dependence of the height of the liquid/solid interface and molten silicon surface from the bottom of the mold in experiments with the laboratory scale equipment. The EB power, P EB , used for directional solidification was 85 Â 10 3 W, and the silicon feed rate, W Si , was 1.7 g/s. The depth of the molten silicon was determined from the difference between the height of the liquid/solid interface and molten silicon surface. Using the slope in Fig. 2 , the solidification rate, R, can be calculated as 1:5 Â 10 À5 m/s. The depth of the molten silicon pool remained almost constant during solidification. This also held true with other experimental conditions in the case of constant P EB and W Si . Figures 3 and 4 show the impurity content profiles of silicon ingots produced with the laboratory scale and industrial scale equipment, respectively. In Fig. 3 , both iron and aluminum were purified to less than 1 mass ppm at points below 120 mm of ingot height, and were not purified above 120 mm of ingot height. Examination of the radial direction profiles of the iron and aluminum contents at the 100 mm ingot height showed that these two elements were purified except at the side edge of the ingot. The results with the industrial scale equipment, which are shown in Fig. 4 , display the same tendency as those in Fig. 3 . The contents of metallic impurities before and after directional solidification are summarized in Table 2 .
The mass balance of the impurities between the solid and liquid phases was investigated to estimate the impurity content profiles of the silicon ingot and silicon pool. Assuming no diffusion of solutes in the solid phase and a uniform solute concentration in the liquid phase, the change in the impurity contents in the pool can be expressed as the difference between the mass of impurities supplied to the pool and that moved to the silicon ingot, as follows:
where C i,l ðz I Þ is the i-component content of the liquid phase at the height, z I (m), of the solid/liquid interface (mass ppm), L is the depth of the molten silicon (m), t is time (s), C i,0 is the initial i-component content of the liquid phase (mass ppm), and k i,eff is the effective partition coefficient of the icomponent (À). Rearranging eq. (1), C i,l ðz I Þ is given by eq. (2).
Next, k i,eff in the purified silicon region is expressed by Burton's eq., 8) as follows:
where k i,eq is the equilibrium partition coefficient of the icomponent (À), is the diffusion thickness of impurities (m), and D i is the diffusion coefficient of the i-component (m 2 /s). However, in the non-purified, which shows a rapid increase in the i-component content, k i,eff is as follows:
C i,s ðzÞ, which is the i-component content of the purified solid phase at the height z(m), is given by Pfann's equation. 9 )
However, in the non-purified region, C i,l ðz I Þ is as follows: for purified silicon region and k Fe,eff ¼ 0:35 for non-purified region. The iron content profiles in the purified silicon region calculated from eqs. (3) and (5) and non-purified region calculated from eqs. (4) and (5) show good agreement with the measured results. It is difficult to achieve an iron content below 0.1 mass ppm in one cycle of directional solidification. 
Change in solidification structure
A typical example of the solidification structure in a silicon ingot is shown in Fig. 6 . The outside edge facing the mold consists of a fine columnar structure with a width of approximately 1 mm and length of approximately 5 mm, whereas the inner part of the ingot is composed of a large columnar structure with a width of approximately 1-4 mm and length of 10-50 mm. In the upper part of the ingot, above the purification line, a slightly fine columnar (quasi-columnar) structure is observed. That is, the interface between the large columnar and slightly fine columnar structure corresponds to the transition region between the purified and nonpurified regions, as seen in the EPMA iron images in Fig. 6 .
Here, Fe was not observed in the purified lower part (C) of the ingot, but was detected in the slightly fine columnar region in the middle (B) and the upper parts (A). A dendritic region formed at the top of the silicon ingot as a result of the increased solidification rate when EB irradiation was stopped. Moreover, quantitative analysis by EPMA showed that the parts where iron and aluminum were observed consisted of a precipitate of 44.9 mass% Fe-5.2 mass% Al-47.7 mass% Si. The long isolated lines in (B) and (C) indicate cracks in the sample.
Based on EPMA observation, the mechanism of purification by directional solidification is estimated to be as follows, as shown in Fig. 7 . The solid/liquid interface is planar in the columnar structure region, and impurities are pushed upward in the liquid phase. However, because the solid/liquid interface is cellular in the quasi-columnar structure region, impurities are trapped in cavities, and the trapped Fe reacts with Si to form silicide.
Critical purification height in directional solidifica-
tion and related operational conditions 3.2.1 Estimation of depth of molten silicon during directional solidification To estimate the depth of the molten silicon pool during directional solidification, the heat balance in the pool was examined. The heat fluxes are shown in Fig. 8 . When (¼ 0:9, measured) is the efficiency of the EB (À), q Si is the latent heat of fusion of silicon (W), q ref is the radiation heat of molten silicon (W), q S is the heat loss to the mold side wall (W), and q b is the heat loss to mold bottom (W), the following equations are given:
where
, A is the cross-sectional area of the radial direction of the ingot (m 2 ), ÁH f is the latent heat of fusion of silicon (¼ 1810 kJ/kg), T o is the temperature of the atmosphere (¼ 800 K), r is the inner radius of the mold (m), U S , U b , are the overall heat transfer coefficients of the side wall and bottom, respectively (U S , ¼ 3:1 kW/m 2 , U b , ¼ 0:09 kW/m 2 , measured), and T w,in , T w,out are the cooling water temperature at the mold inlet and outlet, respectively (K).
Using eqs. (7)- (10), L can be expressed as eq. (14). Figure 9 shows the relationship between the estimated and measured liquid depth in the industrial scale equipment. The values in Fig. 9 estimated from eq. (14) were in good agreement with the measured values under various experimental conditions. 
Estimation of temperature gradient at solid/liquid
interface The temperature gradient, G (K/m), at the solid/liquid interface can be obtained from the heat balance, as follows.
where K S is the thermal conductivity of solid silicon (¼ 16 W/mK), G S is the temperature gradient of the solid phase at the solid/liquid interface (K/m), Si is the density of solid silicon (¼ 2300 kg/m 3 ), K is the thermal conductivity of liquid silicon (¼ 67 W/mK), and q is the heat flux of the solid phase calculated from the difference in the temperature of the cooling water at the mold inlet and outlet.
The dependences of the temperature gradient at the solid/ liquid interface calculated from eq. (15) on the solidification rate and EB power are shown in Fig. 10 . G increases as the solidification rate and EB power increase. These relationships can be expressed by the following multi-regression equation:
3.2.3 Effect of operational factors on critical purification height in directional solidification As mentioned previously, purification ceases above a certain critical height in the ingot, which depends on various operational factors. Figure 11 shows the relationship between the critical iron content, C Fe,l (mass ppm), of the enriched iron in the liquid pool and the solidification rate when the iron content of the solid phase increases discontinuously. C Fe,l is calculated from eq. (17).
where C Fe,o is the initial iron content (mass ppm), H cr is the purification height of the silicon ingot (m), and L is calculated from eq. (14). As seen in Fig. 11 , the critical purification height in directional solidification is determined by the critical enriched iron content of the liquid pool and the solidification rate. The critical enriched iron content of the liquid pool and the purification height of the silicon ingot increase as the solidification rate decreases.
On the other hand, one of the authors 5) has explained the disappearance of planar solidification by the constitutional supercooling phenomena given by eq. (18).
where m is the gradient of the liquidus line of an iron-silicon system (¼ 6:97 K/mass%iron), D Fe is the diffusivity coefficient of iron in molten silicon (¼ 7 Â 10 À8 m 2 /s), 10) k Fe,e q is the equilibrium partition coefficient of iron (¼ 8 Â 10 À6 ), 10) Fig . 10 Temperature gradient dependence on solidification rate and EB power. and is the thickness of the diffusion layer (¼ 0:004 m).
4)
However, the values calculated using eq. (18) The critical purification height, H Cr (m), can be estimated from eqs. (16), (17), and (19) for given operational factors such as EB power and solidification rate. Figure 12 shows the comparison between estimated and measured critical purification height for 150 kg-scale experiment. The estimated values agree well with the measured ones. As seen in the above equations, the purification height can be increased by controlling various factors, for example, by reducing the solidification rate, increasing the EB power, using material with a reduced initial impurity content, deepening the molten silicon pool, and reducing the thickness of the diffusion layer. Among these, the thickness of the diffusion layer can be effectively reduced by stirring the pool, as examined in the next section. Figure 13 shows the relationship between the enriched iron content of the molten pool obtained from eq. (17) and the solidification rate for various mold rotation rates, as well as the calculation curves from eq. (19) for a constant G ¼ 0:1 K/m. These data are for the laboratory scale equipment. Because the mold rotation speed increases the enriched iron content of the molten pool, stirring the molten pool increases purification. Figure 14 shows the relationship between obtained by fitting between the calculated and measured results in Fig. 13 and the mold rotation speed, ! (min À1 ). Equation (20) was found to hold true.
Increase in purification height by agitation of molten pool
¼ 1:1 Â 10 À3 ! À0:66ð20Þ
Conclusions
A recently developed sequential purification process makes it possible to manufacture high-purity silicon for solar grade silicon (SOG-Si) by removing impurities from metallurgical grade silicon (MG-Si). As part of this process, this paper investigates a pyrometallurgical method of removing metallic impurities such as iron, aluminum, and titanium by segregation of these metallic impurities during directional solidification under electron beam heating. The following conclusions were obtained.
(1) Metallic impurities are removed to below 1 mass ppm according to an equation for zone melting during purification. (2) The interface between the purified and non-purified part of the silicon ingot can be identified by the change from a large columnar to fine columnar structure. (3) Silicide was observed in the solidification structure in the non-purified region. (4) The enriched iron content in the molten silicon pool at the transition between the purified and non-purified silicon regions can be obtained using a modified form of the equation for constitutional supercooling. (5) The height of purification in the ingot can be increased by reducing the solidification rate, increasing the EB power, using material with a low initial content of impurities, deepening the molten silicon pool, and reducing the thickness of the diffusion layer. (6) Mold rotation increases the purification height by reducing the thickness of the diffusion layer.
